Correlations in systems with spin degree of freedom are at the heart of fundamental phenomena, ranging from magnetism to superconductivity. The effects of correlations depend strongly on dimensionality, a striking example being onedimensional (1D) electronic systems, extensively studied theoretically over the past fifty years [1] [2] [3] [4] [5] [6] [7] . However, the experimental investigation of the role of spin multiplicity in 1D fermionsand especially for more than two spin components -is still lacking. Here we report on the realization of 1D, strongly-correlated liquids of ultracold fermions interacting repulsively within SU(N ) symmetry, with a tunable number N of spin components. We observe that static and dynamic properties of the system deviate from those of ideal fermions and, for N > 2, from those of a spin-1/2 Luttinger liquid. In the large-N limit, the system exhibits properties of a bosonic spinless liquid. Our results provide a testing ground for many-body theories and may lead to the observation of fundamental 1D effects [8] .
Correlations in systems with spin degree of freedom are at the heart of fundamental phenomena, ranging from magnetism to superconductivity. The effects of correlations depend strongly on dimensionality, a striking example being onedimensional (1D) electronic systems, extensively studied theoretically over the past fifty years [1] [2] [3] [4] [5] [6] [7] . However, the experimental investigation of the role of spin multiplicity in 1D fermionsand especially for more than two spin components -is still lacking. Here we report on the realization of 1D, strongly-correlated liquids of ultracold fermions interacting repulsively within SU(N ) symmetry, with a tunable number N of spin components. We observe that static and dynamic properties of the system deviate from those of ideal fermions and, for N > 2, from those of a spin-1/2 Luttinger liquid. In the large-N limit, the system exhibits properties of a bosonic spinless liquid. Our results provide a testing ground for many-body theories and may lead to the observation of fundamental 1D effects [8] .
One-dimensional quantum systems show specific, sometimes counterintuitive behaviours that are absent in the three-dimensional world. These behaviours, predicted by many-body models of interacting bosons [9] and fermions [2] [3] [4] , include the "fermionization" of bosons [10] and the separation of spin and density (most commonly referred to as "charge") branches in the excitation spectrum of interacting fermions. The last phenomenon is predicted within the celebrated Luttinger liquid model [5] , which describes the low-energy excitations of interacting spin-1/2 fermions. Although the Luttinger approach describes qualitatively the physics of a number of 1D systems [11, 12] , the problem of how to extend it to a more detailed description of real systems has puzzled physicists over the years [7] . In this exploration the physics of spin has played a key role.
Ultracold atoms have proved to be a precious resource to study 1D physics, as they afford exceptional control over experimental parameters. Most of the experiments so far have been performed with spinless bosons, which for instance led to the realization of a Tonks-Girardeau gas [13, 14] . On the other hand, 1D ultracold fermions are a promising system to observe a number of elusive phenomena, like Stoner's itinerant ferromagnetism [15] and the physics of spin-incoherent Luttinger liquids [6] .
However, only a few pioneering works, dealing with spin-1/2 particles [16] [17] [18] , have been reported so far.
In parallel, ultracold two-electron atoms have been recently proposed for the realization of large-spin systems with SU(N ) interaction symmetry [19, 20] , and first experimental investigations have been reported [21] . This novel platform enables the simulation of 1D systems with high degree of complexity, including spin-orbit-coupled materials [22] or SU(N ) Heisenberg and Hubbard chains [23, 24] . Moreover, the investigation of these multi-component fermions is relevant for the simulation of field theories with extended SU(N ) symmetries [25] .
FIG. 1.
Ultracold 1D fermionic liquids with tunable spin. a, A 2D optical lattice is used to create an array of independent quantum wires of ultracold 173 Yb with 6 possible nuclear spin orientations. b, The nuclear spin of the atoms can be manipulated with optical pumping techniques, resulting in a tunable number of spin components, and analyzed with optical Stern-Gerlach detection (see Supplementary Information).
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In this Letter we report on the realization of 1D quantum wires of repulsive fermions with a tunable number of spin components, which are created by tightly trapping ultracold 173 Yb atoms in a two-dimensional optical lattice (Fig. 1a) . The purely nuclear spin I = 5/2 of 173 Yb results both in the independence of the interaction strength from the nuclear spin state and in the absence of spin-changing collisions. The latter feature is particularly important for our experiments, since it implies the stability of any spin mixture. The atoms experience an axial harmonic confinement with (angular) frequency ω x ≈ 2π × 80 Hz and a strong radial confinement with ω ⊥ = 2π × 25 kHz, resulting in the occupation of the radial ground state. We use optical spin manipulation and detection techniques (see Supplementary Information) to prepare the system in an arbitrary number N ≤ 2I + 1 = 6 of spin components (Fig. 1b) , thus realizing different SU(N ) symmetries. We directly compare systems with different N , keeping the atom number per spin component N at 6000 (≈ 20 atoms per spin component in the central wire) and all the other parameters constant. This approach enables us to evidence how the physics of a strongly-interacting 1D fermionic system changes as a function of N .
Momentum distribution. We investigate the correlations in the 1D wires by observing the momentum distribution n(k) (k is the momentum divided by the reduced Planck's constant ). We measure this quantity by extinguishing the trapping light and imaging the atomic cloud after a ballistic expansion, as done in previous works to measure n(k) of a Tonks-Girardeu gas [13] . A typical image is reported in Fig. 2c , wherex denotes the wire axis. Integration overŷ results in the n(k) curves plotted in Fig. 2a for different N (the curves are normalized to have the same unity area). In the noninteracting case N = 1 the data (solid blue) are very well accounted for by the theory of a trapped ideal Fermi gas (dashed blue, see Supplementary Information). Increasing N , we observe a clear monothonic broadening of n(k), with a reduction of the weight at low k and a slower decay of the large-k tails.
The observed n(k) broadening arises from a pure effect of correlations that goes beyond standard mean-field physics. In order to give a qualitative understanding of this phenomenon, we consider spin-1/2 fermions with infinite repulsion. In this limit, the density-density correlation function
andn ↓ (x) are the density operators for the two spin components) falls to zero for d → 0 as G ↑↑ (d) does in the case of a spin-polarized gas, thus mimicking the effects of a Pauli repulsion between distinguishable particles. This "fermionization", restricting the effective space which is available to the particles, causes them to populate states with larger momentum [26, 27] . We note that an opposite behaviour would be predicted by a mean-field treatment of interactions neglecting correlations between trapped fermions: the effectively weaker confinement alongx induced by the atom-atom repulsion would lead to more extended single-particle wavefunctions, hence to a de- ideal Fermi gas at T = 0 (dashed), mean-field treatment of finite interactions at T = 0 (dotted), full many-body problem for infinite repulsion both for T = 0 (light solid, from [26] ) and TS T TF (dark solid, from [27] ). While the mean-field curve shows an opposite behaviour from the one observed in the experiment, the manybody curves account for the observed broadening. c, Averaged absorption image (thex axis denotes the direction of the wires).
creased width of n(k) (see Fig. 2b ). For N = 2 the interaction regime of our 1D samples is described by the parameters γ 4.8 and K 0.73 (see Supplementary Information), lying in the strongly-correlated regime between the ideal Fermi gas (γ = 0, K = 1) and a fully fermionized gas (γ = ∞, K = 0.5).
The details of n(k) depend nontrivially on the temperature, owing to the thermal population of spin excitations. The temperature regime for our experiments, T 0.3 T F (where T F is the Fermi temperature), is slightly below the predicted temperature scale T S 0.4 T F for spin excitations (see Supplementary Information), in the crossover between the spin-ordered regime for T T S and that of a spin-incoherent Luttinger liquid for T T S [6] . dark solid curves, derived from [26] and [27] , respectively). While both curves show an evident n(k) broadening, in accordance with our observations, their shape is different and can be explained in terms of a modified effective Fermi momentum [28] . Exact calculations for finite interactions and finite temperatures are challenging, thus making our system a profitable quantum simulation resource for the fundamental problem of 1D interacting fermions.
Probing excitations. A distinctive feature of 1D fermions is the existence of a well-resolved excitation spectrum at small momentum transfer q k F (where k F is the Fermi wavevector). Number-conserving excitations in the ideal 1D Fermi gas correspond to particle-hole pairs with energy ω = v F q, where v F = k F /m is the Fermi velocity (see inset of Fig. 3a ). This physical picture changes in the case of an interacting spin mixture, since excitations acquire a purely collective nature. According to the Luttinger theory, the spectrum of phononic excitations is still described by a linear dispersion ω = cq, where c = v F /K is a renormalized sound velocity [1] . In a two-component Luttinger liquid with contact repulsion one has 0.5 < K < 1. This yields a sound velocity that is larger than v F (see inset of Fig. 3b ), corresponding to an increased stiffness of the many-body state.
We have characterized the excitations of the fermionic wires by performing Bragg spectroscopy. This technique, relying on inelastic light scattering, allows the selective excitation of density waves with energy ω and momentum q (see Supplementary Information). Fig. 3a shows the measured spectrum for N = 1 at low momentum transfer q 0.2 k 0 F (being k 0 F the peak Fermi wavevector in the central wire). A clear resonance is observed, in excellent agreement with the calculated response for ideal fermions (solid line, with no free parameters). For N = 2 the resonance is clearly shifted towards higher frequencies (Fig.  3b) , as expected from the Luttinger theory. The measured shift (+15 ± 4)% agrees with the expected (+10 ± 2)% shift in the sound velocity predicted on the basis of the Luttinger theory for a trapped system (see Supplementary Information). For N = 6 the spectrum shows a much larger shift (+33 ± 4)% (Fig. 3c ), which disagrees with the predictions for N = 2, signalling an increased effect of interactions, in qualitative accordance with the n(k) change of Fig. 2 . We also plot the calculated spectra for trapped fermions with infinite interactions (dotted lines in Fig. 3b-c) , which evidence how the measured spectra lie between the response of the ideal Fermi gas and that of a fermionized system.
Collective mode frequencies. More insight into the physics of multicomponent 1D fermions can be gained by studying low-energy breathing oscillations in which the cloud radius oscillates in time. We measure the frequency of this collective mode by suddenly changing the trap frequency and measuring the time evolution of the radius. In Fig. 4a we plot the measured squared ratio β = (ω B /ω x ) 2 of the breathing frequency ω B to the trap frequency ω x as a function of N (squares). For N = 1 the measured value is in good agreement with the expected value β = 4 for ideal fermions (upper horizontal line). Increasing N our data clearly show a monothonic decrease of β, induced by the repulsive interactions in the spin mixture.
The dependence of β on the interaction strength is remarkably nontrivial, already for N = 2, as first predicted in Ref. [29] . Indeed, β = 4 in both the limiting cases of an ideal gas (γ = 0) and a fermionized (γ = ∞) system, while for finite repulsion it is expected to exhibit a nonmonotonic behaviour with a minimum at finite interaction strength. The theoretical curves in Fig. 4b show the expected dependence of β on the interaction parameter η = N atoms per wire, a 1D is the 1D scattering length and a x is the trap oscillator length). We have derived these results by combining a Bethe Ansatz approach with the exact solution of the hydrodynamic equations describing a 1D fermionic liquid with N components (see Supplementary Information). As N is increased, the curves exhibit an increasingly larger redshift of β, and for N → ∞ they asymptotically approach the curve for 1D spinless bosons. The circles indicate the theoretical values for the average η = 0.44 in our experiment. The agreement between experiment and theory is excellent, as shown in Fig. 4a (we note that for N = 2 both theory and experiment agree with the results of Ref. [29] ).
The experimental data, accompained by our theoretical curves, clearly show that changing N causes quite different effects from those induced by simply changing the interaction strength in a N = 2 mixture. In fact, by increasing N , the constraints of the Pauli principle become less stringent and the number of binary-collisional partners increases, causing the system to acquire a more "bosonic" behaviour. Our experimental value at N = 6 clearly falls out of the range of β expected for a N = 2 liquid (grey regions in Fig. 4) and already approaches the value expected for 1D spinless bosons. This bosonic limit for N → ∞ is a remarkable property of multi-component 1D fermions that has been pointed out theoretically only very recently [30] and that our experimental system is capable to clearly evidence.
Concluding remarks. The possibility of tuning the number of spin components allows us to study different regimes of interplay between Fermi statistics and degree of distinguishability in this novel 1D system. In a quantum simulation perspective, this realization provides a powerful testbench for large-spin models and opens to the investigation of fundamental effects, ranging from spin dynamics to novel magnetic phases.
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Preparation of multi-component one-dimensional 173 Yb fermions. The 173 Yb ground state is characterized by a purely nuclear spin I = 5/2 and, similarly to the other alkaline-earth fermionic isotopes, by the absence of hyperfine interaction, which determines the independence of the scattering length on the nuclear spin orientation. This also results in the collisional stability of any nuclear spin mixture, caused by the absence of spin-changing collisions. Optical manipulation schemes, involving multi-step optical pumping before evaporative cooling and selective removal of unwanted spin states at the end of evaporation, allow us to initialize the system in a well-defined number of spin components with equal population. The nuclear spin composition is analyzed by means of optical Stern-Gerlach detection (see Fig. 1b ) exploiting the spinselective optical dipole force of a focused near-resonant laser beam [31] . The beam is circularly-polarized, with a detuning of -560 MHz from the 1 S 0 → 3 P 1 (F = 7/2) transition, 50 µm waist and 4 mW power. The difference in (false-colour) intensity of the density peaks in Fig. 1b is caused by the different shape of the cloud after SternGerlach deflection (caused by the non-uniform intensity gradient): integrating the density profiles to obtain the total number of atoms gives the same population for each of the spin states within an experimental uncertainty < 5%.
The starting point for our experiment is an ultracold 173 Yb trapped gas at T /T F < 0.3 (where T F is the Fermi temperature) and N at 6000 atoms per spin component. By slowly increasing the intensity of a 2D optical lattice in δt = 150 ms we produce an array of ≈ 600 independent 1D fermionic wires, weakly confined by a harmonic potential along the wire axis. The final depth of the optical lattice (operating at a wavelength λ = 759 nm) is V 0 = 40E R (where E R = h 2 /2mλ 2 is the recoil energy), resulting in a tight radial confinement with (angular) trapping frequency ω ⊥ = 2π × 25 kHz. Since the energy ω ⊥ is larger than the Fermi energy by more than one order of magnitude, the occupation of excited radial modes is negligible, which makes our wires truly one-dimensional. Furthermore, the tunnelling time between different wires is on the order of several seconds, much longer than the timescale of the experiments, which makes the wires effectively decoupled from each other.
Interaction regime for two-component fermions. The interaction regime for a two-component 1D Fermi gas with contact interactions can be described by the dimensionless parameter
where n is the 1D density (per spin component) and a 1D is the 1D scattering length [32] , given by
where a is the 3D scattering length (+10.58 nm for 173 Yb) and a ⊥ = /mω ⊥ is the radial harmonic oscillator length. In our system we calculate a mean interaction parameter γ 4.8 (averaged over the atomic density, see next section), which lies in the strongly-interacting regime between the ideal Fermi gas (γ = 0) and the fullyfermionized gas (γ = ∞). It is interesting to note that in 1D the effect of collisions between particles is increased as the density is decreased, contrarily to the behaviour in higher dimensions. As a consequence, the Fermi pressure, which limits the density n of a trapped fermionic gas by keeping its constituent particles away from each other, in 1D has the counterintuitive effect of making a system of fermions more interacting than one of bosons (and of a classical gas as well).
Another relevant quantity is the Luttinger parameter K, which enters the low-energy Hamiltonian. After bosonization [1] , the Hamiltonian in the charge (density) sector reads
which describes the free excitations of the Luttinger liquid, formally equivalent to the modes of vibration of an elastic string (φ(x) and Π(x) are conjugate bosonic fields describing the collective density excitations of the liquid). We use the word "charge" for a system of neutral atoms, in analogy to the common use in condensed-matter physics, to indicate excitations involving a perturbation of the total fermionic density (as opposed to excitations in the spin sector, where the total density is constant and the local magnetization is perturbed). The K parameter determines the power-law divergencies in some relevant properties of the Luttinger liquid (for instance, the momentum distribution n(k) around the Fermi momentum) and characterizes the sound velocity of its collective (charge) excitations, given by c = v F /K. In our system K 0.73 [33] , which interpolates between the behaviour of the ideal Fermi gas (K = 1) and that of a system with infinitely-strong contact repulsion (K = 0.5).
Effect of inhomogeneity and finite temperature. The presence of an axial trapping potential, with (angular) frequency ω x ranging from 2π × 60 Hz to 2π × 100 Hz (the precise number depending on the particular experiment), causes the 1D fermionic wires to have a nonuniform density profile n(x). Additionally, moving out of the trap center, the number of atoms per wire is decreasing from a maximum of ≈ 20 (per spin component) in the central wire, to a vanishing occupation of the more peripheral wires. In order to interpret our experimental findings, we have considered these two effects very carefully. The number of fermions N ij in each wire has been calculated in the noninteracting case by determining the lowest-energy configuration of N ij which satisfies both Fermi statistics and the constraint on the total atom number N at = i,j N ij . The calculation has been performed by taking into account a wire-dependent energy poten-
, where m is the particle mass, d = λ/2 is the lattice spacing and ω y,z are the (angular) frequencies of the slowly-varying harmonic trapping potentials in the orthogonal directions to the wires.
The resulting atom distribution N ij is a very good description of the experimental system, as we can verify by looking at the agreement between the experimental points and the theoretical curves for N = 1 in Figs. 2a and 3a , where the only adjusted parameter is the temperature (see below). Those curves have been calculated by taking the momentum distribution n(k) and the dynamic structure factor for a homogeneous ideal gas S(q, ω), respectively, and treating the effects of the axial harmonic potential in a local density approximation (LDA), i.e. assuming that locally the properties of the system are described in terms of a local Fermi wavevector k F (x) = πn(x). Then we have averaged the result over all the wires, taking the number of atoms per wire as weight. The temperature assumed for both the calculations is T = 0.3 T F , which well agrees with the T /T F ratio measured in the 3D Fermi gas after ramping down the lattices from a fit of a polylogarithmic function [34] to the time-of-flight density distribution.
Momentum distribution of the 1D interacting liquids. The momentum distribution of the 1D interacting liquids is measured by suddenly switching off the optical trapping potentials and detecting the atomic density with absorption imaging after a time-of-flight t TOF = 23 ms of ballistic expansion. The expansion is in the far-field regime, which maps the initial momentum distribution n(k) to the expanded density in coordinate space. We neglect the initial size of the trapped sample since it contributes by only ∼ (ωt TOF ) −2 /2 0.3% to the size of the expanded cloud.
We rule out a possible explanation of the observed changes in n(k) in terms of different temperatures for different N . Indeed, we have verified that, after slowly ramping down the lattices in δt = 150 ms to recover a 3D Fermi gas, the temperature measured for the different spin mixtures has the same value T = 0.3 T F for all N within the experimental uncertainties. In this 3D regime the effects of interactions are very weak. As a matter of fact, for 3D Fermi gases we have not detected any significative change in n(k) as a function of N . This observation both makes the temperature measurement in 3D reliable and demonstrates that the observed increase in width comes from the increased correlations in the interacting 1D systems.
The theoretical n(k) curves for N = 2 in Fig. 2b have been calculated by taking into account the increased width of the trapped interacting spin mixture following the results of [29] . This effect leads to a decrease of the density (with respect to the noninteracting case) and to a reduction of the Fermi wavevector k F , which influences both the momentum distribution and the excitation spectrum. The mean-field n(k) curve has been calculated from the momentum distribution of an ideal Fermi gas in an effectively weaker harmonic trap, which accounts for the increase in spatial width calculated for our interactions strength. The γ = ∞ curves have been calculated by taking the results of Refs. [26] and [27] for a homogeneous system and treating them with LDA + average over the atom distribution in the wires.
The temperature of the 1D fermionic wires is slightly below the characteristic temperature scale T S for spin excitations, over which the spin-incoherent Luttinger liquid regime begins [27] . This spin temperature corresponds to the maximum energy difference between different spin configurations. In the limit of large γ the bandwidth of the spin excitations can be estimated [27] as S = (8 ln 2)k B T F /3γ, which corresponds to a spin temperature T S = S /k B 0.4 T F for our experimental parameters.
Bragg spectroscopy and excitation spectra. Bragg spectroscopy is performed by exciting the atomic cloud with two off-resonant laser beams [35] [36] [37] . This technique allows the selective excitation of density waves with energy ω = (ω 1 − ω 2 ) and momentum q = (k 1 − k 2 ), where ω i and k i are the (angular) frequencies and the wavevectors of the two Bragg beams, respectively. In order to access the low-momentum part of the spectrum, the λ = 759 nm Bragg beams are aligned at a small angle, resulting in a momentum transfer q 0.2 k 0 F along the wire axis (being k 0 F the Fermi wavevector corresponding to the peak density of the central wire). Bragg pulse length and intensity are chosen in such a way to result in a combined interaction-time and power broadening < 100 Hz, much less than the width of the measured spectra. In order to both minimize the effect of laser phase fluctuations and increase the signal, the spectrum of each of the two Bragg beams contains both the frequencies ω 1 and ω 2 , resulting in both left-moving and right-moving excitations. We quantify the Bragg excitation by measuring the momentum transferred to the cloud by time-of-flight imaging. This quantity is proportional to the imaginary part of the response function χ(q, ω), which is directy related to the dynamic structure factor S(q, ω) by the relation
which reduces to S(q, ω) in the small-temperature limit [38] . We note that, since the Bragg light is far detuned with respect to any atomic resonance, the Bragg perturbation acts equally on the different nuclear spin states, i.e. we are only exciting charge modes (density waves) and not spin modes (spin waves) [39] , which would propagate with a different velocity. Experimentally, we characterize the shift in the sound velocity by determining the frequency ω peak corresponding to the excitation peak. This quantity is obtained by performing a Gaussian fit to the experimental points (blue dashed lines in Figs. 3b,c) . By considering the full dynamic structure factor in the noninteracting case, we have theoretically verified that ω peak depends linearly on the excitation momentum q up to the value used in our measurements. This means that, despite the average over different inhomogeneous systems and the finiteness of our momentum transfer, we are effectively probing the low-q regime of linear dispersion in the excitation spectrum.
The theoretical shift in the sound velocity expected for the low-q excitation spectrum in the N = 2 case has been evaluated following the results of [29, 33] for the homogeneous system and performing the same LDA + averaging procedure described previously. The curves for infinite repulsion in Figs. 3b,c have been derived following the fermionization picture, i.e. by calculating the quantity in Eq. (4) for the dynamic structure factor S(q, ω) of an ideal Fermi gas with N × N at particles.
Theoretical derivation of the breathing frequencies. The low-energy dynamics of density fluctuations of a 1D fermionic wire is described by the Luttinger liquid model Eq. (3). The gradient of the phase field φ (x, t) gives rise to the density fluctuation, δn (x, t) = −∂ x φ (x, t), while the momentum operator Π (x, t) is proportional to the density current, j (x, t) = c(x)K(x)Π (x, t). In the absence of harmonic trapping potential, the underlying two parameters of the Luttinger liquid model -the sound velocity c and the Luttinger exponent of long-wavelength correlation functions K -can be determined by using the Bethe ansatz technique [40] . With harmonic traps, we use the local density approximation and assume that the system has a local sound velocity c(x) = [∂µ/∂n]n(x)/m (where µ is the chemical potential) and Luttinger parameter K(x) = π[∂n/∂µ]c(x), through their dependence on the local nonuniform density profile n(x).
By linearizing the Luttinger liquid Hamiltonian, we derive the hydrodynamic equation of motion [41] :
δn (x, t) .
(5) The low-energy collective oscillations of density fluctuations δn (x, t) = δn (x) exp (iω m t) with frequency ω m may be classified by the number of nodes (m) in their eigenfunction δn (x). We have solved these eigenfunctions by using a multi-series-expansion method [42] , under the boundary condition that the current j (x) must vanish identically at the Thomas-Fermi boundary x = ±x T F . The lowest two collective modes with m = 1, 2 are the dipole and breathing (compressional) modes, respectively, which can be excited separately by shifting the trap center or modulating the harmonic trapping frequency. The dipole mode is not affected by interactions according to Kohn's theorem, and has an invariant frequency precisely at the trap frequency ω 1 = ω x . Therefore, the frequency of the breathing mode ω B = ω 2 provides the first mean to probe the non-trivial thermodynamics of our interacting Fermi system. In the case of a two-component Fermi gas, the breathing mode frequency has been calculated by Astrakharchik and colleagues by using a sum-rule approach [29] .
With increasing number of spin components N , the constraints of the Pauli exclusion principle become less stringent, making the Fermi system to acquire a more "bosonic" behaviour. Indeed, it was shown very recently by Yang and You that in the limit N → ∞ multi-component 1D fermions have the same energy per particle as spinless bosons [30] . We have calculated the breathing mode frequency of a 1D spinless Bose gas by solving the hydrodynamic equation Eq. (5), with the local sound velocity and Luttinger parameter obtained from the Lieb-Liniger solution [9] .
